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M a n u s c r i p t 2 estimate -and thus control for -chance encounters based on enclosure size and shape. Using 29 geometric probability and Geographic Information Systems, we investigated the likely effect of 30 chance encounters on association indices within dyads (pairs of animals), when different 31 distance criteria for defining associations are used in shapes of a given area. We developed a 32 simple R script, which can be used to provide a robust estimate of the probability of a chance 33 encounter in a square of any area. We used Monte Carlo methods to determine that this 34 provided acceptable estimates of the probability of chance encounters in rectangular shapes and 35 the shapes of six actual zoo enclosures, and we present an example of its use to correct observed 36 indices of association. Applying this correction controls for differences in enclosure size and 37 shape, and allows association indices between dyads housed in different enclosures to be 38 compared. 39
Introduction 43
Indices of association were originally developed by ecologists to analyse how often 44 plant species were found in proximity to one another (Southwood, 1968 ) but have also been 45 used since at least the 1970s to quantify social relationships between individual animals living 46 in groups (e.g. lions (Panthera leo): Schaller, 1972 ; feral cats (Felis catus): Rees, 1982 The association index, however, masks the extent to which individuals have come into 54 proximity for reasons other than attempting to associate for social purposes. It has formerly 55 proven difficult to calculate how often individuals are seen associating together simply by A c c e p t e d M a n u s c r i p t 3 chance. The random gas model (Equation 1; Schülke & Kappeler, 2003) has been used to 57 calculate expected encounter rates in wild populations (Waser, 1975; Schülke & Kappeler, 58 2003; Hutchinson & Waser, 2007; Leu et al., 2010) , where the expected frequency of encounter 59 (f) is dependent on the density (p) of a species, the velocity of the animals (v), the group spread 60 (s) and the distance criterion that defines association (d). 61
(1)
However, this method relies on variables that can be difficult to measure, such as group spread 62 (dispersion) and the velocity (rate of movement) of the animals. 63
Whilst the majority of studies using indices of association have been conducted on wild 64 populations (Whitehead & Dufault, 1999) , some authors have used association indices to 65 investigate social behaviour in captive animals. An association index was used by Knobel and 66 du Toit (2003) to document the social structure of a pack of captive African wild dogs (Lycaon 67 pictus), and Romero and Aureli (2007) calculated association indices in a group of zoo housed 68 ring-tailed coatis (Nasua nasua). Neither of these studies took into account chance encounters. 69
The problem of chance encounters is more pronounced in a captive environment, where the 70 space available to animals is limited relative to the wild and where enclosure sizes (and shapes) 71 vary across facilities, making direct comparison of association indices difficult. For instance, 72 animals housed in an enclosure measuring 100 m 2 are more likely to be observed in proximity 73 simply by chance than animals housed in an enclosure measuring 2000 m 2 , and animals in a 74 square enclosure measuring 100 m 2 are more likely to be found together by chance than animals 75 in a rectangular enclosure of the same area. 76
Despite the spatial confinement of captive animals rendering their free movement 77 limited, relative to cage mates, few attempts have been made to estimate -and thus control for - producing randomly generated data sets for comparison with real data sets. Using data generated 92 by our simulation, we were able to produce corrected indices of association that took into 93 account chance encounters based on enclosure size (Chadwick et al., 2013). However, our 94 calculations of the probability of a chance encounter were limited to hypothetical square 95
enclosures. 96
Here, we use geometric probability and Geographic Information Systems (GIS) to build 97 on the model devised by Chadwick et al. (2013) and explore the effects of area and shape on the 98 probability of chance associations. Our aim was to produce a simplified method of determining 99 the likely effect of chance encounters on association indices when particular distance criteria for 100 defining associations were used in shapes of a given area. Such a method would allow enclosure 101 size and shape to be taken into account in studies using an association index. 102 103 2. Methods 104
Theoretical background 105
If the location of animal A in two-dimensional space is x a , y a and the location of animal 106
B is x b , y b , the Euclidean distance between these points is calculated using Pythagoras' 107
Theorem:
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Distance (d) =
(2)
If this value (d) is less than the threshold (l) which defines association (d < l) then the animals 109 will be deemed to be associating together. 110
Probability distributions for random line picking are known for various geometric 111
shapes (Solomon, 1978; Mathai, 1999 ; Weisstein, n.d.) and can be used to determine the 112 probability of a chance encounter. The probability (Pr{d < l}) that any two points randomly 113 picked within a square are less than l (the threshold which defines association) apart can be 114 calculated using Equations 3 -5 (Weisstein, n.d.). This is known as the Square Line Picking 115 problem, and the probability is given directly by the distribution function of the distance 116 between two points randomly picked within the square. 117
Let d = the distance between two points chosen at random, l = the threshold which 118 defines association and L = the length of the side of the square. If 0 < l < L: 119
If L < l < the length of the diagonal of the square: 120
If l > the length of the diagonal of the square: 121
In calculating the probability of a chance association, we assume that resources are 122 evenly distributed throughout the area, that animals make use of the whole area, and that each 123 consecutive location plotted for each individual in the dyad is independent of the previous 124 location. Similar assumptions have been made in previous studies. Schülke and Kappeler (2003) 
Procedures 134
The probability of a chance encounter in hypothetical square shapes was calculated 135 using Equations 3 -5 (Weisstein, n.d.). The effect of altering the distance criterion on the 136 probability of a chance encounter was examined by varying the value of l from 1 unit through 137 10 units. 138
To investigate how robust the analytical method for calculating the probability of 139 chance associations was to differences in length:width ratios, we first conducted a Monte Carlo 140 randomisation test for a significant departure from the analytic estimate based on a square of the 141 same area, using R. In this test, for any combination of length and width representing an 142 enclosure, 200 pairs of random points within the enclosure were generated and the probability 143 of a chance association was calculated by dividing the number of obtained associations by the 144 number of pairs of points. The simulation was repeated 10,000 times and the probability of 145 chance associations for each replication was compared to the analytic solution for a square of 146 the same area to give the randomisation test. The test was one-tailed because the probability of 147 an encounter in a rectangle can never be higher than the probability of an encounter in a square 148 of the same area. A significant P-value (<0.05) suggests that the analytic solution for a square 149 does not adequately estimate the probability of chance encounters in a rectangle of the specified 150 length and width. Optimisation with respect to the absolute difference between 0.05 and the 151 output of the randomisation test was used to estimate the maximum length:width ratio of a 152 rectangle that can be adequately estimated by the analytic square method. The optimisation was 153 carried out using rectangles of total area 100 units 2 , with lengths ranging from 1 unit to 10 units 154 and a distance criterion of 5 units. 
Results 179
The probability of a chance encounter, calculated using geometric probability for 180 squares of up to 2000 units 2 , is shown in Figure 2 . 181
The optimisation of the randomisation tests showed that the analytic solution for 182 squares accurately estimates the probability of a chance encounter until the length of the A c c e p t e d M a n u s c r i p t 8 rectangle is more than ~3.2 times the width. Above this ratio, the analytic solution is 184 significantly different from the Monte Carlo solution for the rectangle (Figure 3) . 185
The probability of a chance encounter calculated using Monte Carlo simulations in GIS 186 for actual zoo exhibits was compared with the analytic solution for squares of the same area. 187
The probability calculated using GIS was within one standard deviation of the analytic solution 188 in all cases (Figure 4) . 189
As would be expected, increasing the distance criterion that defined association through 190 1 unit to 10 units resulted in an increase in the probability of a chance encounter ( Figure 5) . be calculated, and subtracted from the index calculated using field observations (e.g. Table 1 ; 201 Chadwick, 2014). An observed number of associations that is lower than the simulated number The observed index of association for this dyad was calculated as follows: 214
The area of the enclosure was 497.06 m 2 . For a hypothetical square of the same area, The index of association based on chance encounters is then subtracted from the index 221 calculated using field observations to give the corrected index: 222
During the study, the space available to the animals varied and they were given access 223 to different combinations of enclosures 1, 2 and 3 on different observation days (Figure 1a ).
A c c e p t e d
M a n u s c r i p t 10 Thus, corrected indices of association were also calculated for this dyad in each combination of 225 enclosures to which they had access (Table 1) , enabling direct comparisons of association 226 indices between the three enclosures to be made (Chadwick, 2014) . 227 228
Discussion 229
Our results demonstrate that captive studies using an association index to quantify 230 social relationships should take into account chance encounters. In captive animals, the 231 probability of a chance encounter is affected by enclosure size and shape. However, there have 232 been few attempts to estimate -and thus control for -the effects of enclosure size and shape on 233 chance encounters and indices of association. Here, we used geometric probability and 234
Geographic Information Systems to produce a simplified method of calculating the probability a 235 of chance encounter when particular distance criteria for defining associations were used in 236 shapes of a given area. 237
The probability of a chance encounter in a square of a given area can be determined 238 analytically (Solomon, 1978; Mathai, 1999 ; Weisstein, n.d.). However, it is unlikely that space-239 restricted animals will be limited to square-shaped areas. The effect of shape on the probability 240 of chance encounters was investigated by applying a Monte Carlo simulation to rectangular 241 shapes and spatially-referenced images of actual UK zoo enclosures. The analytic solution for 242 squares accurately estimates the probability of chance encounters in a rectangle until the length 243 of the rectangle is ~3.2 times the width. This suggests that the analytical method is robust to 244 fairly large variations in shape. Furthermore, the probability of a chance encounter within all of 245 the actual zoo enclosures investigated was within one standard deviation of the calculated 246 probability for a square of the same area. Geometric probability can therefore be used to 247 approximate the number of chance encounters in irregular, non-geometric shapes. relationships are not solely based on spatial proximity (Whitehead & Dufault, 1999; Whitehead, 258 2008) . Future work to further validate our proposed correction will incorporate behavioural 259 observations to distinguish between chance encounters and specific social encounters in captive 260
animals. 261
As would be expected, increasing the distance criterion that defined association through 262 1 unit to 10 units resulted in an increase in the probability of a chance encounter. It is important 263 for researchers to select a distance criterion that defines an association which is biologically 264 meaningful to their study species. In their review of techniques for analysing vertebrate social 265 structure, Whitehead and Dufault (1999) found large variation in the distances between 266
individuals which constituted an association. Some authors considered animals to be associated 267 if they were within 1 m of each other (e.g. common marmosets (Callithrix jacchus): Koenig & 268 Rothe, 1991), and in other studies animals were considered to be associated if they were within 269 500 m of each other (e.g. giraffes (Giraffa camelopardalis): Leuthold, 1979) . In our earlier 270 paper, we considered male cheetahs to be associating if the distance between them was 5 m or 271 less (Chadwick et al., 2013). This distance criterion was previously established in field studies 272 of coalitions of wild male cheetahs in the Serengeti (Caro, 1994) . The definition of an 273 association will depend upon the interactions and behaviours of the study species and the ease 274 of observing individuals. Nonetheless, our results highlight the importance of selecting an 275 appropriate definition of association that corresponds to both the behaviour of the animals being 276 studied and the size and shape of the area to which they have access. 277
Given that the probability of a chance encounter calculated using Geographic 278
Information Systems was within one standard deviation of the analytic solution, and that the 279 analytic solution proved robust to quite large changes in shape, geometric probability can be A c c e p t e d M a n u s c r i p t 12 used to estimate the probability of chance encounters between individuals in any confined 281 space. We developed a simple R script which can be used by researchers to calculate the 282 probability of a chance encounter in an enclosure of any shape, and to correct observed indices 283 of association. We have used the simple ratio index to demonstrate how indices of association 284 can be corrected, however the correction can be applied to any index of association (see 285 Whitehead (2008) and Godde et al. (2013) for discussions of alternative association indices), 286
and enables association indices to be compared across different sized -and shaped -enclosures. 287
Our proposed correction is especially relevant when animals are limited to small spaces 288 and can be applied not only to zoo animals but to any confined animals, for example farm and 289 laboratory animals. However, the concern for overestimating association may not only be 290 limited to captive animals since free-ranging animals, for example animals in managed areas 291 (e.g. sanctuaries or reserves), often have restricted ranges. Indeed, animals in totally wild 292 environments may also be naturally limited in their ranging; for example, territorial species, 293
where an individual's or group's movement may be restricted by the presence of neighbours. 294
In calculating the probability of a chance association, we assume that resources are 295 evenly distributed throughout the area, that animals make use of the whole area, and that each 296 consecutive location plotted for each individual in the dyad is independent of the previous 297 location. We acknowledge that our calculations provide minimal association indices based on 298 enclosure size and shape, and do not include the effects of habitat preference or resource 299 distribution. In addition, we recognise that relationships are not solely based upon spatial 300 proximity and observations of social interactions should be used alongside spatial associations 301 to allow conclusions to be drawn about the social relationships between individuals. A given 302 observation of two animals in close proximity can occur as a consequence of both social 303 motivation and non-social movement of individuals, and our proposed correction may 304 underestimate the true association between individuals when a combination of social and 305 random association occurs. Nonetheless, we have devised the first method for correcting indices 306 of association to take into account chance encounters based on spatial restrictions. Correcting Trust. We are grateful to the anonymous reviewers whose comments helped to improve and 315 clarify this manuscript. 
